Development of large-scale refolding procedures for GluR2 S1S2 constructs produced as inclusion bodies
Crystals of the S1S2J variant in complexes with a series of ligands diffract to high resolution, as summarized in in Escherchia coli (Chen and Gouaux, 1997) paved the way for the high-resolution crystallographic studies re- Table 1 . The S1S2I-kainate structure (Armstrong et al., 1998) ported here.
The structure of GluR2 S1S2 complexed with kainate was the search probe in the molecular replacement (MR) solutions of the S1S2J-glutamate and -kainate strucidentified residues involved in kainate binding; located sites that modulate agonist specificity and affinity, as tures. Although a promising molecular replacement solution for the DNQX complex was obtained using the well as receptor desensitization; and mapped potential subunit-subunit contact sites (Armstrong et al., 1998). S1S2I-kainate structure, the resulting model could not be refined below a R free of 0.40. Therefore, the S1S2J-Nevertheless, the GluR2 S1S2-kainate structure left several important questions unanswered. How does the DNQX structure was solved by multiwavelength anomalous diffraction phasing (MAD; Hendrickson, 1991), using agonist-bound state differ from the apo or antagonistbound state? Do full agonists produce greater domain phases from the MR solution to determine the selenium positions of a selenomethionine derivative (Hendrickson closure than partial agonists? Do all structurally related agonists have identical modes of binding? How might et al., 1990). The S1S2J-DNQX structure, in turn, enabled the solution of the apo crystal form by MR. The electron agonist binding be linked to gating of the ionic channel? With these questions in mind, we developed a novel density is continuous from Lys-393 to Cys-773 for all of the structures, and the density for the ligands and protein construct that enabled us to determine high resolution structures of GluR2 S1S2 in the apo state and contacting residues is well resolved. Crystallographic refinement statistics for all of the complexes are shown in Table 2 . Figure 2C ). The two carbonyl groups mimic the ␣-carboxyl group common to agonists, forming hydrogen bonds to Arg-485 and the hydroxyl and backbone amide of Thr-480. A DNQX amide nitrogen makes a hydrogen bond to the backbone carbonyl of Pro-478. The quinoxalinedione ring lays ‫6.3ف‬ Å directly below and parallel to the aromatic ring of Tyr-450, thus maximizing -stacking interactions. Glu-705 adopts an extended conformation in DNQXB with the ␥-carboxyl group directly under the quinoxalinedione rings, while in DNQXA the ␥-carboxyl of Glu-705 is bent slightly away from DNQX. The 6-nitro group interacts with Tyr-732 and a protein-bound water molecule, and the 7-nitro moiety is within hydrogen binding distance (2.95 Å ) of the hydroxyl of Thr-686.
DNQX and Apo States Contain an Expanded Binding Cleft
There is strong omit map density (5) in the binding cleft at the base of helix F in both molecules in the asymmetric unit of the DNQX crystal form. A sulfate was modeled into this density in DNQXB based on its tetrahedral shape and intensity ( Figure 2B ). The sulfate interacts with helix F via 3 hydrogen bonds to the protein and 3 hydrogen bonds to solvent molecules, mimicking the interactions that the anionic "R" groups of agonists make with the base of helix F. Located between DNQX and the bound sulfate is a water molecule. The density in the binding site of the DNQXA polypeptide chain, although relatively strong, is elongated in shape, does not resemble a single sulfate ion, and has not been modeled. The DNQX and apo crystallization conditions contained ‫4.0-52.0ف‬ M ammonium sulfate, but there is no evidence for a bound sulfate at the base of helix F in apo electron density maps.
In comparing the apo and the DNQX-bound structures, the major difference in the binding pocket residues involves Glu-705, which is the counter ion for the ␣-amino group of kainate (Armstrong et al., 1998). In the apo state, Glu-705 forms a salt bridge with Lys-730 and a hydrogen bond with Thr-655 (helix F). However, in the Figures 3B and 3C) .
By contrast to the equivalent and well-defined receptor binding sites for the ␣-substituents of the agonists, the binding sites for the anionic moiety attached to the ␥ carbons of glutamate, kainate, and AMPA are surprisingly distinct. This distinction is not only because there are a number of solvent-mediated interactions but also because the positions of interacting waters and side chains vary in the complexes. In essence, the "␥" group binding pocket is composed of four subsites (D, E, F, and G in Figure 3D ). Subsites D and E are located at the base of helix F and are formed by the backbone NH groups of Ser-654 and Thr-655, the hydroxyl of Thr-655, a water molecule bound to the base of helix F (water #3), and a water molecule (#2) tethered to the NH group of Leu-650 and the carbonyl oxygen of Leu-703. The ␥-carboxyl groups of glutamate and kainate interact with the hydrogen bond donors in subsites D and E nearly identically ( Figure 3B ). The main difference between the glutamate and kainate binding clefts is the position of Leu-650, which moves substantially further into the cleft (3.0 Å ) in the glutamate-bound state. Interestingly, the superposition in Figure 3B shows that the kainate isopropenyl group, which protrudes from the binding pocket, would sterically clash with Leu-650 in the glutamatebound conformation.
Superposition of the AMPA and glutamate structures shows that the "␥" substituents are bound to the sub- The structure-based design of a novel GluR2 S1S2 construct has redefined the S1 and S2 boundaries required is at a site that mediates cyclothiazide sensitivity in AMPA receptors (Partin et al., 1996) The ligand binding domain from the metabotropic glutathe histidine residues in S1S2 are candidates for zinc mate receptors, which is homologous to the iGluR ATD, binding sites in the intact receptor that may, for example, forms disulfide-linked dimers (Romano et al., 1996; Okabridge neighboring subunits and modulate receptor acmoto et al., 1998). Thus, the molecular symmetry of tivity.
the extracellular portions of iGluRs may differ from the symmetry of the ion channel, the latter of which is probably 4-fold symmetric.
The Flipped Peptide Bond May Stabilize a Closed Binding Cleft
Determination of biologically relevant protein interfaces by analysis of crystal packing interactions is Numerous hydrogen bonding interactions between domain 1 and domain 2 are important for conferring affinity fraught with uncertainty, and the "dimer" we observe in our crystals may not be related to interfaces in the intact and specificity to agonist binding (Dingledine et al., ., 1999) , the S1S2J dimer interface is large bond to the backbone carbonyl of Ser-729, a residue that is located near the interdomain hinge. Located on with relatively few hydrogen bonds, an observation that may explain why dimers do not predominate in solution.
"top" of the dimer is a large depression that is near the arginine/glycine (R/G) RNA editing site that modulates Only further experiments will validate or refute the relationship between the S1S2J "dimer" observed in the the rate of receptor desensitization (Lomeli et al., 1994) . The S1S2 constructs reported here have a glycine at crystals and the S1S2 interface(s) in the intact receptor.
Nevertheless, it has not escaped our attention that a this position; modeling arginines into the Gly-743 sites partially fills this hole and generates a positive electronumber of residues implicated in receptor desensitization are clustered in the dimer interface. Leu-483 is lostatic potential at the surface without creating any serious steric clashes. The dimer interface observed in our cated at a position that modulates receptor desensitization in GluR3; when the equivalent leucine in GluR3 is crystals illustrates how sites implicated in receptor desensitization are juxtaposed across from the ligand changed to tyrosine, the resulting mutant does not desensitize ( was stopped when superpositions of the S1S2I-and S1S2J-kainate models revealed no significant differences in the mode of kainate Construct Design binding and the orientation of the lobes. The rmsd calculated for all The three amino acid changes made to the N terminus of S1S2I, C␣ atoms between the two kainate structures was 0.61 Å . Because G389R, L390G, and E391A were introduced by way of cassette the S1S2I data extended to 1.6 Å and was collected on a crystal mutagenesis using the following oligos: PRM1: 5Ј-CAT GGG CTC grown closer to physiological pH (6.5), we used this structure for AGG AAA TGA CAC TAG TCG CGG TGC AAA CAA AAC TGT GGT the majority of the crystallographic analysis. G-3Ј and PRM2: 5Ј-GTG ACC ACC ACA GTT TTG TTT GCA CCG The DNQX crystals grew in two different lattices that differed by CGA CTA GTG TCA TTT CCT GAG CC-3Ј, where underlined letters a doubling of the c axis in the larger form. The DNQX structure was indicate mutated bases. The PRM1:PRM2 cassette was cloned into determined by a combination of MR and MAD using the larger form pS1S2I to generate pS1S2I2 using the NcoI and BstEII restriction prior to discovery of the smaller lattice. A MR solution could only sites. The sequence at the linker was changed to MIKK 506 -GT-P 632 IES be obtained when the kainate dimer, which was generated by superby strand-overlap extension PCR using the following primers: PRM3: imposing a S1S2I-kainate complex on each molecule in the gluta-5Ј-GAA GGG TAC CCC CAT CGA AAG TGC TGA G-3Ј, PRM4: 5Ј-TCG mate "dimer," was used a search probe. Even though the MR solu-ATG GGG GTA CCC TTC TTG ATC ATG ATA G-3Ј, PRM5: 5Ј-GGG tion had a correlation coefficient of 60.1, extensive refinement only CTA CTG TGT TGA CTT-3Ј, and PRM6: 5Ј-CTT CTG CGG TAG TCC lowered the R free to 40.0%. Maps inspected at this point contained TC-3Ј. PRM4 and PRM5 were combined with pS1S2I in one PCR reasonable density for all of domain 1, but the density for most of reaction to generate the S1 half of the insert, while PRM3 and PRM6 domain 2 was uninterpretable. Therefore, a 3-wavelength MAD data were used to synthesize the S2 half. In a third PCR reaction, the S1 set was collected on a selenomethionine-derivatized DNQX crystal. and S2 PCR products were combined with PRM5 and PRM6 to Anomalous difference Fourier maps calculated using structure faccreate the linker insert. The insert was digested with PstI and BglII, tors obtained from data measured at the selenium K peak and cloned into pS1S2I2 that had been digested with the same enzymes, phases from the DNQX molecular replacement structure clearly indiand sequenced.
cated the location of all 40 selenium sites. SOLVE (Terwilliger and Berendzen, 1999) F o -F c density when the R free reached 28.6%. The refined DNQX "di-M L-glutamate, or 1 nM-1 mM kainate. Ligand binding experiments mer" structure was used as the search probe for the apo structure were carried out in duplicate. determination (CC ϭ 64.6). IC 50 measurements at the pH value of the crystallization buffer confirmed that the DNQX affinity is not compromised at pH 5.0. Crystallization S1S2J was dialyzed extensively against 10 mM HEPES, pH 7.0, 20 Apo, kainate, and glutamate data sets were collected using copper K␣ radiation and an R-Axis IV area detector. The x-ray beam mM NaCl, and 1 mM EDTA to remove all traces of glutamate (except for material intended for cocrystallization with glutamate). 
